INTRODUCTION
============

Navigation-guided procedure has been widely conducted in the neurosurgical filed to perform anatomy-oriented approach[@B8]. However, the approach cannot reflect the real-time intracranial image due to differential spatial displacement caused by cerebrospinal fluid drainage, volume change after surgical evacuation or newly developed lesions such as aggravation of brain edema or increased hematoma[@B14]. Therefore, intraoperative scanning including computed tomography (CT), magnetic resonance imaging (MRI) and ultrasound sonography have been adapted to obtain real-time findings for operators to minimize invasion of normal brain tissue.

Considering consumed time, mobility, without major reconstruction of current facility in operative room (OR) or intensive care unit (ICU), objectivity and costs, mobile CT (mCT) can be a more appropriate method[@B13].

Since the first introduction of mCT as an intraoperative monitoring modality in our institution in late 2008, four mCT have been installed in Korea. Besides the established use of mCT in the OR, this apparatus can allow neurosurgeons to make appropriate management decisions in the ICU by obtaining relevant imaging data more safely and rapidly.

The purpose of this study was to report our 3-year experience with mCT under various clinical circumstances focusing on indications and advantages.

MATERIALS AND METHODS
=====================

The study was approved by institutional review board for the ethical committee for human research. This retrospective analysis was performed in patients who had mCT for evaluation of intracranial lesions in OR and ICU from January 2009 to December 2011. Their medical charts including diagnosis, clinical implications, further treatment, consumed times, image quality and result were reviewed.

mCT has been used with the following criteria in our hospital : 1) Decision-making for the assessment of the residual tumor or hematoma; 2) Reduction of uncertainty in the process of surgery including suspected catheter malplacement, close observation for the change of hematoma in opposite site or sudden brain swelling; 3) Prompt diagnosis and management in ICU.

Image acquisition
-----------------

mCT parameters were 120 kV, 7 mA, effective radiation dose of 1.7 mSv, 10-mm-wide collimated beam and eight 1.25-mm-wide detectors with an acquisition time of 2 s[@B5]. With regard to enhancement, a total of 90 mL of contrast agent (Iopromide, Ultravist; Schering AG, Berlin, Germany) was injected through an anterior cubital vein with a 4 mL/s flow rate with a 30 s X-ray time delay. Post-processing of mCT data was simultaneously conducted on a portable workstation. The images shown as multiplanar reformation in the axial, coronal and sagittal views were reconstructed. Every mCT was performed with the CereTom (Neurologica, Danvers, MA, USA).

RESULTS
=======

A total of 297 patients, with a male : female ratio of 1.47 : 1.0, and a mean±SD age of 57.9±17.2 years, underwent 357 mCT as an intraoperative or bedside scan. Data of 202 cases of mCT (OR, n=192, 95%; ICU, n=10, 5%) were included for review and analyses of the study after excluding post-operative routine follow-up in the OR.

With regard to intra-operative images, extent of tumor resection (n=55, 27.2%), degree of hematoma evacuation (n=42, 20.8%), confirmation of catheter placement (n=91, 45.0%) and evaluation of complications (n=4, 2.0%) were checked. An additional 14 procedures were introduced after confirmation of residual tumor (n=7, 50%), hematoma (n=2, 14.3%), malplaced catheters (n=3, 21.4%) and new developed intracranial events (n=2, 14.3%).

Detailed information on use of bedside CT scanning among 10 patients included : ventilator (n=8, 80%), sedation fluid (n=7, 70%), vasopressor administration (n=6, 60%), post-operative drains (n=7, 70%) and mean Glasgow Coma Scale score of 7.4 (range, 5-11). All images were obtained within 15 min by three staff members with sterile preparations. The quality of mCT image was sufficient in decision-making. The clinical application of mCT is summarized in [Table 1](#T1){ref-type="table"}.

Illustrative case 1
-------------------

A 47-year-old female was referred to our institution for further management of diffuse astrocytoma. Axial T2WI magnetic resonance (MR) showed a diffuse hyperintense white matter mass with anterior hypointensity lesion in the left frontal lobe. Infiltrative margin with cortex and genu of the corpus callosum was observed ([Fig. 1A](#F1){ref-type="fig"}). Contrast-enhanced axial T1WI MR revealed focal enhancement (white arrow) and low signal lesion (arrowhead), suggestive of cystic change ([Fig. 1B](#F1){ref-type="fig"}). Intraoperative CT-MR image fusion revealed a residual mass (white arrow) located close to anterior corpus callosum ([Fig. 1C](#F1){ref-type="fig"}). Fused CT-MR image demonstrated complete resection of remnant tumor (arrowhead) without damage to corpus callosum ([Fig. 1D](#F1){ref-type="fig"}).

Illustrative case 2
-------------------

A 49-year-old male was transferred for deterioration in conscious level. Initial CT showed acute subdural hemorrhage on both side with midline shift to the left ([Fig. 2A](#F2){ref-type="fig"}). After mCT scan, additional surgical evacuation of hematoma was performed on the left side due to brain shift towards the right ([Fig. 2B, C](#F2){ref-type="fig"}).

Illustrative case 3
-------------------

A 74-year-old female presented with headache. Intracranial CT revealed mixed density of subdural hemorrhages ([Fig. 3A](#F3){ref-type="fig"}). Burr-hole craniotomy and closed system drainage was conducted under local anesthesia. Just before leaving the OR, the patient vomited and the patient\'s condition deteriorated. Emergent mCT showed acute subdural hematoma ([Fig. 3B](#F3){ref-type="fig"}) and an open craniotomy followed without delay ([Fig. 3C](#F3){ref-type="fig"}).

DISCUSSION
==========

Real-time monitoring of change in brain is particular crucial in decision-making when uncertainty is present in various clinical settings including residual tumor, malplacement of drainage catheter or combination with other intra-cranial lesions during the procedures, as well as increased intracranial pressure or deteriorated in conscious level in ICU. Our experience with mCT demonstrates that more complete and safe surgery can be achieved in OR and prompt diagnosis and proper management in ICU by obtaining relevant imaging data more safely and rapidly.

Fifty-five (28.6%) mCT procedures were conducted for estimating tumor resection. Among them, additional tumor removals for seven cases were performed. This result agrees with that of Gumprecht and Lumenta[@B2]. The feasibility of mCT for assessing residual suprasellar tumors such as macroadenoma or meningioma and cerebellopontine angle tumor including vestibular schwanoma has been described in our previous report[@B5]. On the other hand, mCT has relative limitation for depicting poorly enhanced lesion such as low grade glioma[@B5]. However, with reconstruction of three-dimensional images from mCT data, image fusion based on preoperative MRI findings can provide more valuable information on tumor margin assessment ([Fig. 1C, D](#F1){ref-type="fig"}). Hosoda et al.[@B3] reported that surgical resection with intraoperative CT prolongs survival by acquiring more complete surgical resection, which was confirmed during or immediately after the procedure.

External ventricular drainage (EVD) is a widely performed neurosurgical procedure under anatomic landmarks, but freehand EVD does not show high accuracy[@B1]. Saladino et al.[@B9] described 26 cases (12.3%) malplaced ventriculostomy catheters of EVD and shunt; five (2.4%) of required additional adjustment. In our cohort, three cases of incomplete intra-ventricular catheter apposition were retargeted. With the guidance of mCT, more precise operations such as unusual insertion to the cyst or Ommaya reservoir placement can be attained[@B5]. Not limited to the neurosurgical filed, mCT can be used in other surgeries including reconstruction surgery of skull base, orbital wall[@B12] and sinus surgery[@B4]. Another advantage of mCT is cost. Masaryk et al.[@B7] suggested that the total economic benefit of mCT for 5 years would be more than US\$2 million dollars due to dedication of conventional CT for outpatients without unnecessary delay. In addition, cost savings can be achieved by eliminating needless complications in transfer patients. No data regarding the incidence of adverse events in transfer process for CT imaging has been reported in Korea. Smith et al.[@B11] described that untoward incidents can be observed in up to 71% of ICU cases. Therefore, post-operative patients with unstable vital signs are more likely to have complications due to their multiple connections with intravenous lines and drains. The average procedure times of conventional CT scanning from ordering to arrival at ICU was 28 min (range, 18-35 min) in our institution. Mean transport time for CT image from operation room to ICU was 16 min (range, 14-27 min). This result may agree with that of other university hospitals because of their similar location of ICU, OR and CT rooms. In addition, considering the current status in Korea, conveyance of patients for neuroimaging is usually conducted with an intern doctor or a physician assistant. If case critical life events happen during the transfer, appropriate management cannot be done. In comparison with conventional intracranial CT, interruption for mCT scanning can be limited to within 15 min. Less manpower to shift the patients was presently needed for mCT (three staff in mCT vs. four-to-six staff in routine CT examination). Consequently, mCT can reduce the workload of the ICU staff members[@B7].

Concerns remain about radiation exposure of mCT. Our protocol comprised an effective radiation dose of 1.7 mSV (approximately 45 mGy), which was lower or comparable with conventional head CT scan of 60 mGy[@B10] or 47 mGy of multi-detector CT scan in our hospital. Because of the short source image distance, scattered radiation in mCT can be within acceptable limits for radiation safety as other portable X-ray devices in OR and ICU.

Incidence of infection after mCT remains unclear. Five patients who underwent mCT experienced surgical infection in our series. Three of them had cerebrospinal fluid (CSF) leakage, and two did re-operation due to delayed hemorrhage. Korinek et al.[@B6] reported that CSF leakage and early re-operation were independent risk factors of infection after craniotomy. Thus, we could not confirm mCT as a cause of infection since the patient had high risk factor such as CSF leakage and re-operation. Therefore, prospective data about infection rate associated with mCT are needed further.

There are some shortcomings in the clinical application of mCT. Contrast-enhanced image of mCT is done by manual timing. Thus, suboptimal enhancement of cerebral vascular structure can be obtained in cases of cardiac dysfunction or vascular stenosis, which affect cerebral blood flow velocity[@B7]. And algorithm enhancing image quality of mCT angiography needs to be investigated further.

CONCLUSION
==========

Our 3-year experience with mCT shows that more safe and complete surgery can be achieved without the need for transfer in the OR as well as faster diagnosis and proper management in the ICU.
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![Mobile CT for diffuse astrocytoma. A and B : Axial T2WI magnetic resonance (MR) and Contrast-enhanced axial T1WI MR show a diffuse hyperintense lesion in the left frontal lobe with focal enhancement (white arrow) and low signal lesion (arrowhead). C : Intra-operative CT-MR image fusion discloses a residual mass (white arrow) close to anterior corpus callosum. D : Fused CT-MR image illustrates complete resection of remnant tumor (arrow) without injury to corpus callosum.](jkns-53-39-g001){#F1}

![Mobile CT for the detection of increased subdural hematoma in the contralateral side. A : Initial CT showed acute subdural hemorrhage on both side with midline shift to the left. B : Mobile CT scan revealed the brain shift towards the right by increased hematoma. C : Subdural hematoma on the left side was evacuated without delay.](jkns-53-39-g002){#F2}

![Mobile CT (mCT) for the detection of acute hematoma on the same side of operation. A : Initial CT revealed mixed density of subdural hemorrhages, and followed by closed drainage insertion under local anesthesia. B : Emergent mCT showed acute subdural hematoma on the operation side. C : Open craniotomy and hematoma evacuation was performed without delay.](jkns-53-39-g003){#F3}
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The summary of clinical application of mobile CT in this study
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OR : operative room, ICU : intensive care unit, ICP : intracranial pressure, CSF : cerebrospinal fluid
